Coatings with excellent mechanical properties are difficult to prepare on the aluminum alloy surfaces by laser surface engineering because of the low melting point and active chemical properties of aluminum (Al). Based on the unique entropy effect of a high-entropy alloy, we suppress the cracks in the cladding layer caused by the dilution ratio of the substrate, obtaining coatings exhibiting excellent wear resistance. The Al 0.8 CrFeCoNiCu 0.5 B x coating exhibited a BCC1+BCC2+FCC phase when the x0.1. When x0.2, boride was formed in the Al 0.8 CrFeCoNiCu 0.5 B x coatings, and it became the main phase of the Al 0.8 CrFeCoNiCu 0.5 B 0.3 and Al 0.8 CrFeCoNiCuB 0.4 coatings; however, no Alrich intermetallic compound with a complex phase structure was formed. When 0x0.3, the bonding strengths of the Al 0.8 CrFeCoNiCu 0.5 B x coatings were 70.6-176.2 MPa. An increase in the boron content increased the hardness of all the coatings, except the Al 0.8 CrFeCoNiCu 0.5 B 0.3 coating.
Introduction
Because of its high specific strength, good weldability, and other advantages, the aluminum (Al) alloy has become a popular choice for manufacturing lightweight equipment [1, 2] . However, the low hardness and poor wear resistance of the Al alloy surface limit its applicability in high-end manufacturing industries exhibiting high reliability requirements. Currently, the Al alloy surfaces are modified using various technologies, including electroplating, thermal spraying, and laser cladding [3] [4] [5] . The laser cladding method offers unique advantages such as low pollution, high efficiency, and thick coating. As is well known, the laser cladding materials, such as iron-based, nickel-based, and cobalt-based powders and ceramics, exhibiting good mechanical properties usually have a high melting point. To fully melt these powders, the heat input of the laser must be increased considerably beyond the melting point of the Al alloy. Therefore, the Al in the substrate will inevitably float on the coating during the laser cladding process. Because Al is highly electronegative, it readily reacts with the coating powder to form hard and brittle intermetallic compounds, increasing the cracking tendency of the coating. Therefore, laser cladding coating has always been difficult to prepare on the Al alloy surfaces.
Recently, the research on alloys based on multi-principle component design has gradually increased. An alloy that contains five or more elements in equal or approximately equal atomic ratios can easily form a solid solution. Such alloys are called high-entropy alloys (HEAs) [6] . When the elements and their ratios are appropriately selected, the high-entropy and cocktail effects result in HEAs with high strength, good corrosion resistance, high temperature oxidation resistance, and other excellent properties [7, 8] . Fan et al studied the microstructure and mechanical properties of the as-cast (FeCrNiCo)Al x Cu y (0.5x1, 0y1) HEAs [9] . As the aluminum content increased from x=0.5 to 1, the microstructure of the alloy system changed from a single face-centered cubic (FCC) structure to an FCC+body-centered cubic (BCC) structure and finally to a single BCC structure. The addition of Al considerably improved the Young's modulus, hardness, and yield strength of the alloy. Among the investigated compositions, the (FeCrNiCo)Al 0.75 Cu 0.5 HEA exhibited the optimal comprehensive mechanical properties, with a fracture strength of 2270 MPa and a plastic strain of 42.70%. Aliyu et al prepared a composite coating of AlCrFeCoNiCu-graphene oxide composite on a steel surface via electrochemical deposition [10] . Their coating exhibited an FCC+BCC phase structure with no complexphase intermetallic compounds. Further, increasing the graphene oxide content improved the corrosion resistance of the coating, mainly by improving the composition segregation of the HEA. Crooper et al prepared an AlCrFeCoNiCu HEA film via pulsed laser deposition [11] . This film comprised BCC and FCC phases, with a larger crystal size of the BCC phase when compared with that of the FCC phase. Chang et al detected boride in the as-cladded FeCoNiBCr x HEA deposited on the AlSi1045 steel [12] . When x=5, the volume fraction of the boride was maximized in coatings, and the hardness reached 860 HV. Thus, HEAs with good mechanical properties can be applied as coating materials in laser-surface modification engineering. Furthermore, Al exhibits a wide range of solid solubility in HEA systems containing Fe, Co, Ni, Cr, and Cu. This property is underlain by the high-entropy effect. Therefore, this HEA system can reduce the probability of cracks in the cladding layer when applied as a coating on aluminum. As explained above, cracks develop when a large number of intermetallic compounds with complex phase structures are formed after the aluminum in the substrate reacts with the added powders.
However, the preparation of HEA coatings on aluminum has received little attention, and the highefficiency cladding technology with coaxial powder feeding and the wear resistance of the coating have been rarely explored. Moreover, although the addition of B certainly improves the mechanical properties of some HEA system coatings, its effect on the remaining HEA system coatings deposited on different substrates should be further analyzed. Furthermore, the substrate-coating bonding performance is usually qualitatively analyzed by microstructural observation because the thickness of the coatings prepared by laser cladding rarely meets the requirements of the tensile test samples. A quantitative evaluation would provide detailed support with respect to the practical application of a project; however, this evaluation has not yet been achieved. To fill this void, this study prepares Al 0.8 CrFeCoNiCu 0.5 B x coatings on aluminum via coaxial laser cladding and investigates the phase structure as well as wear resistance of the resulting alloy. Further, the binding property between the coating and substrate is quantitatively analyzed.
Materials and methods
The composition of the experimental substrate (5083 aluminum alloy) is presented in table 1. The substrate was formed into test blocks with sizes of 30 mm×30 mm×10 mm. The oxide layer on the surface of the test block was initially removed by sandpapering and was subsequently removed by ultrasonic cleaning with absolute ethanol. The experimental powders were Co, Fe, Ni, Cr, Cu, Al, and B (purity>99.9%, particle size 200-325 mesh). Most powders (except the B powder) were spherical to ensure their fluidity in the powder-feeding tube. Their morphologies are presented in figure 1 . The powder ratio and the coating abbreviations are presented in table 2.
Experiments were conducted using the DC050 CO 2 laser supplied by the Rofin company. The processing parameters were determined using a large number of preliminary tests. The spot diameter was 1.2 mm, the laser power was 1850 W, the powder feed rate was 5.6 g min −1 , the scanning speed was 120 mm min −1 , the duty cycle was 70%, the pulse frequency was 50 Hz, the overlap rate was 30%, and the carrier gas flow rate was 5 l min −1 . The processing equipment and the experimental diagram are presented in figure 2.
After the laser cladding experiment was conducted, the coating was cut into metallographic samples along the test block perpendicular to the scanning speed and then polished. The coating was corroded with a mixed solution of hydrofluoric acid and nitric acid-hydrochloric acid (aqua regia, volume ratio 3:1) to observe microstructure of the heat-affected zone and cladding. The microstructure of the corroded sample was observed using a scanning electron microscope (SEM, JSM-6510). The phase of the coating was analyzed by an x-ray diffractometer (XRD, Empyrean). The hardness of the coating was measured using a microhardness tester (MH-60), where the input load was 200 g and the loading time was 10 s. The bongding performances between the coatings and substrates were quantitatively analyzed via the shear strength tests. The shear force was determined using the DNS100 universal tensile tester. The bonding quality, which is a measure of shear stress (or bonding shear strength), was calculated as [13] ( )
where F max is the maximum shear load, S is the shear area, D is the diameter of the test specimen, and h is the coating width. The related schematic is shown in figure 3 . The dry-sliding friction and wear properties of the test samples were verified using the MM200 friction and wear tester under a load of 98 N. The rotating speed and test time were 400 r/min and 30 min, respectively. The friction pair was a GCr15 steel ring with a hardness of 61 HRC, a diameter of 50 mm, and a thickness of 10 mm. The sample size was 7×14×10 mm 3 . The wear diagram is presented in figure 4 .
During the friction and wear test, the friction moment was measured after every 5 min, and the frictioncoefficient wear rate of the sample was calculated as follows:
Here, μ is the friction coefficient, M is the friction moment (Nm), P is the load (N), and R is the radius of the steel ring (mm). The wear resistance of the sample was calculated based on the wear rate as follows: where ω is the wear rate, V loss is the wear volume (mm 3 ), B and b are the length and width of the wear mark, respectively (both in mm), v is the wheel speed (r/min), and L is the total length of the grinding block sliding on the sample surface (mm).
Result and discussion
3.1. XRD analysis Figure 5 shows the XRD pattern of the Al 0.8 CrFeCoNiCu 0.5 B x coating. The B0 and B0.1 coatings comprised the FCC, BCC1, and BCC2 phases. The BCC1 phase was a disordered BCC solid solution with diffraction peaks near 2θ=44.5°, 65.0°, and 82.0°, similar to the α-(Fe, Cr) (PDF#52-0513 for Fe and PDF#19-0323 for Cr). As observed based on the peaks near 2θ=31.0°, the BCC2 phase was an ordered BCC structure approximately similar to the AlNi phase (PDF#65-3199) [14] . Figure 6 (a) shows the surfaces and cross sections of the Al 0.8 CrFeCoNiCu 0.5 coatings. The coatings exhibited no obvious defects, including pores and cracks, indicating the appropriateness of the experimental powder ratio and process parameters. The coating thickness was 662±74 μm. After hydrofluoric acid corrosion, the heataffected zone (HAZ) could be observed at the interface near the substrate, as shown in figure 6(b) . The microstructure of HEA coatings can be observed by aqua regia corrosion. Figure 7 denotes the microstructure of the middle part of the Al 0.8 CrFeCoNiCu 0.5 B x HEA coating. B0 and B0.1 presented typical interdendritic and dendritic structures (figures 7(a)-(d)). When the B content increased to 0.2, a worm-shaped second phase was observed, whereas B0.2 presented a similar overall morphology to that exhibited by B0.1 (figures 7(e) and 7(f)). In figures 7(g) and (h), a lamellar precipitated phase can be observed at the grain boundaries of the B0.3. This precipitated phase is partially connected with a network. When B reached 0.4, a long strip-like precipitate with directional growth could be observed. The B content significantly changed the microstructure of the Al 0.8 CrFeCoNiCu 0.5 B x HEA coatings. The addition of B caused strong lattice distortion because the atomic radius of B largely differs from those of the remaining elements in the powder. According to Gibbs free energy theory, as the alloy solidifies, the B atoms are discharged from the crystal interior to reduce the lattice distortion energy of the alloy [16] . Although rapid cooling reduces the diffusion time of the solute, the small-sized B tended to be enriched at the grain boundary, causing constitutional undercooling at the grain boundary and promoting the growth of primary and even secondary dendrite arms [16] . In addition, increasing the amount of excessive B in the crystallization process impels the discharge of Cr in the BCC phase into the liquid phase, achieving the composition requirements of boride with a topologically close-packed phase. The solidification mode of the FCC and BCC phases is similar to the AF solidification mode of the duplex stainless steel and austenitic stainless steel welding, resulting in strip-like structures without directional growth [17] . When x>0.2, the peak of the boride of Al 0.8 CrFeCoNiCu 0.5 B x becomes the main peak, and a large number of needle-like second phases can be observed, indicating that the aforementioned coatings are no longer HEAs. This is mainly because B exhibits a more negative mixing enthalpy, as shown in table 3. The increase in the amount of B increases the mixing enthalpy of the alloy system, which makes the alloy more inclined to form high-enthalpy intermetallics [18] . Table 4 presents the calculated shear strengths of each sample. The shear strengths of B0 and B0.1 were similar (176.2 and 168.2 MPa, respectively). In contrast, the shear strength of B0.4 was only 37.5 MPa, which was only 21.2% of that of B0. The shear fracture was observed via SEM to understand the fracture mechanism of samples. A second crack appears in the second dimple phase. On the B0.4 fracture surface ( figure 9(h) ), large cleavage surfaces and dense second-phase particles can be observed, indicating that the cleavage surface was stripped under the action of the shear load on secondary particles. Thus, the included particles reduced the shear strength of the coating. Figure 10 plots the relations between the wear time and the friction coefficient of the Al 0.8 CrFeCoNiCu 0.5 B x HEA coating and its substrate. When the friction coefficient stabilized (at 20 min), the friction coefficient of the HEA coating ranged from 0.538 to 0.589, which was significantly lower than that of the substrate (0.655). As the B content increased, the friction coefficient of the Al 0.8 CrFeCoNiCu 0.5 B x coating decreased and subsequently increased; further, it was smallest in B0.2. The wear resistance of B0.4 was not investigated because the applicability of B0.4 is limited by the low bonding strength between the coating and the substrate. Figure 11 shows the microhardness and wear rate curves of the Al 0.8 CrFeCoNiCu 0.5 B x HEA coating and substrate, and table 5 displays the measured wear results and the calculated wear coefficients. The wear rate of Al 0.8 CrFeCoNiCu 0.5 B x was significantly lower than that of the substrate. As the B content increased, the wear rate of the coatings initially decreased and subsequently increased. This result, which mirrors the trend of the hardness changes, conforms to Archard's law [19] . The wear surface was observed via SEM to analyze the wear mechanism of the samples. Figure 12 shows the wear surfaces of the Al 0.8 CrFeCoNiCu 0.5 B x coatings and substrates. The wear surfaces of the coatings are more paved and smoother than those of aluminum and show a reduced degree of plastic deformation. The wear surface of the substrate exhibited severe plastic deformation and step faulting ( figure 12(a) ), indicating that stratified fractures occurred during the wear process. The elongated dimples along the wear direction can be mainly attributed to the large plasticity and ductility of the Al alloy. Spalling, scratches, and abrasive grains appeared on the wear surface of B0 ( figure 12(b) ), and a plastic deformation region could be observed near the scratches. The wear mechanism was adhesive and abrasive wear. Although grooves and a large number of abrasive particles were observed on the B0.1 surface ( figure 12(c) ), spalling and plastic deformation were absent, indicating a stronger wear resistance than that exhibited by B0. The wear mechanism of B0.1 was abrasive wear. The grooves were smaller and shallower on the B0.2 surface than those on B0.1, and the number of abrasive particles was reduced. The wear resistance of B0.2 was further improved ( figure 12(d) ). As shown in figure 12 (e), the B0.3 surface was covered with many hard-phase particles that prevented the expansion of grooves along the wear direction. However, the hard phases removed from the coating were crushed into fine abrasive particles by the friction pair, causing a large number of scratches near the hard phase. Therefore, the wear rate of B0.3 was not lower than that of B0.2. Generally, because a hard coating can effectively block the micro-cutting and micro-shearing by the micro-convex body of the GGr15 friction pair, the contact area between the coating surface and the friction pair is reduced; accordingly, the wear resistance of the coating is an increasing function of hardness. 
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